Background and Aims: The cooperative wineries of the Douro demarcated region (DDR) have a major socio-economic role within the winemaking sector. The existing network of regional wineries provides an organisational basis for the wine market of the DDR, contributing to the sustainability of the sector. Given this strategic importance, the present research aims to develop an innovative grape production model (PGP) targeted at regional wineries. Methods and Results: For the development of the PGP model, the relationships between daily historic meteorological conditions and grape production for three wineries within the DDR (Mesão Frio, Favaios and Freixo de Espada à Cinta) were analysed. The model runs on a daily time step, comparing the thermal/hydric conditions in a given year against the average conditions in high and low production years. Results establish site-specific linkages between favourable (unfavourable) weather conditions and high (low) grapevine production. Relatively, cool pre-flowering temperature and relatively warm conditions during berry development tend to favour wine production. Furthermore, higher production is typically found in years with higher than average precipitation level until flowering. The correlation between PGP model outputs and grapevine production at the three wineries ranges from 0.68 ≤ r ≤ 0.84. Conclusions: Decision makers from the DDR may indeed take advantage of the information provided by the PGP model. Daily updated knowledge of potential grape production enables wineries to timely plan and optimise harvest and postharvest procedures. Significance of the Study: The PGP model may be regarded as a useful tool to implement cost-effective winery management, thus bringing added value to stakeholders and decision makers of the Portuguese winemaking sector.
Introduction
The winemaking sector in Portugal is of major socio-economic relevance, significantly contributing to the national exports and sustaining many wine-related activities, including tourism (Tavares and de Azevedo 2010) . Vineyard area accounts for 14% of the total planted agricultural area (Instituto Nacional de Estatística 2016), ranking Portugal as number 1 in the world regarding this share (Anderson and Aryal 2013) . With a vineyard area of over 200 000 ha and an annual wine production of about 6 million hL (Instituto da Vinha e do Vinho 2014), Portugal currently has the seventh largest vineyard area in the world and is ranked the 11th wine producer and the 10th wine exporter (Organisation Internationale de la Vigne et du Vin 2015) . Amongst the Portuguese wine producing regions, the Douro demarcated region (DDR) is one of the oldest wine regions in the world, famous for its port wine and other highquality wines. Approximately, 50% of the annual port wine production is exported, contributing to the total national wine exports of over 700 million €/year.
Located in the inner-northeast of Portugal, within the Douro river basin (Figure 1 ), the DDR spreads over an area of 250 000 ha, of which 40 000 ha are vineyards. For its landscape and natural resources, the Douro valley has been considered World Heritage by the UNESCO since 2001. It is one of the world's most important mountain viticultural regions, with complex orography and elevations greater than 1000 m. The hillside viticulture makes mechanised work difficult to implement, and most work is still performed by hand. The Mediterranean-like climatic conditions are particularly favourable for the production of high quality wines. Annual precipitation values vary from 400 to 900 mm (30% from April to September), gradually decreasing eastwards, whereas annual mean temperature ranges from 12 to 16°C .
Small farms largely dominate the land ownership structure of this region (Instituto dos Vinhos do Douro e Porto 2012). In the whole DDR, there are over 35 000 registered winegrowers, accounting for over 130 000 vineyard plots, corresponding to 1.2 ha per owner (Instituto dos Vinhos do Douro e Porto 2012). For this socio-economic structure, based on small farms, cooperative wineries play a key role in meeting growers' needs, allowing the vinification of large volumes and the exploration of national and foreign markets. The existing network of regional wineries provides an organisational basis for the wine market of the DDR, strongly contributing to the livelihood of the small growers that do not have the resources for a sustainable wine production (Instituto dos Vinhos do Douro e Porto 2012).
In the last decades, grape and wine production in the DDR has been characterised by a strong inter-annual variability Richter 2012, Santos et al. 2013 ). Such behaviour is considered to be tied to the prevailing atmospheric conditions in a given year (Camps and Ramos 2012 , Cunha and Richter 2012 , Lorenzo et al. 2012 , Fraga et al. 2014a , 2016b . In fact, weather plays a key role in triggering the different phenological development stages (Fraga et al. 2016b ), influencing yield and quality attributes (Orduna 2010 , Agosta et al. 2012 , Jones and Alves 2012 . In the Douro, heat and water stress at critical periods of the growing season represent a major constraint for wine quality and production (Hardie and Considine 1976, Moutinho-Pereira et al. 2007 ). Other important forcing factors remain invariant between years, such as soils, cultural practices and cultivars grown (Hedberg and Raison 1982 , Fidelibus et al. 2004 , Costantini et al. 2009 , Renouf et al. 2010 , Kamiloglu 2011 , Tardaguila et al. 2011 , Fraga et al. 2016a ). The relevance of climate and weather conditions for wine production in the DDR is highlighted by the existence of a ranking system for vineyard plots (from A, the best class, to F), in which climate has a strong weight.
Given the increasing competition on the international wine market, there is a growing demand to reduce the variability in annual grape production. For cooperative wineries, which are the basis of the DDR, substantial savings/gains could be achieved by implementing decision support systems for growers based on accurate yield forecasts. A precise and timely forecast of seasonal productivity will enable wineries to optimise the planning and management of all seasonal activities, such as vineyard intervention dates, soil and water management, irrigation efficiency and nutrient management (Hedberg and Raison 1982 , Fidelibus et al. 2004 , Santos et al. 2005 , Chaves et al. 2007 , Renouf et al. 2010 , Kamiloglu 2011 , Lopes et al. 2011 , Tardaguila et al. 2011 .
Several statistical and dynamical models have been developed to predict grapevine yield and wine production (Moriondo et al. 2015) . For the DDR, models have highlighted the relationships among regional yield/production and airborne pollen concentration (Cunha et al. 2003) , remote sensing data (Cunha et al. 2010 , Gouveia et al. 2011 ) and climatic parameters (Gouveia et al. 2011 , Cunha and Richter 2012 , Fraga et al. 2015 . Most of developed models rely on particular stages of development as predictors (e.g. flowering), lacking a consistent update throughout the growing season and not providing real-time information for decisionmaking. Furthermore, a large gap still remains in the DDR, as these models apply mostly to the net production/yield of the whole DDR and do not target regional winery productivity.
Taking into account the above-mentioned facts and given the particular conditions of the Douro winemaking region, including the specificities of its regional wineries, the current study aims at developing a daily modelling/forecast of grapevine production targeted at the regional wineries. Therefore, the objectives of this study are to: (i) develop a progressing grape production model (PGP) that takes into account the full growth cycle climatic conditions; (ii) provide daily predictions of in-season grape production; and (iii) validate the model performance regarding regional winery productivity.
Material and methods

Regional winery data
The DDR is divided into three subregions: Baixo Corgo, Cima Corgo and Douro Superior, highlighting the wide range of edapho-climatic specificities present in the region (Figure 1) . To conduct the study taking this aspect into account, we selected three wineries that are representative of the full range of conditions present in each subregion: Mesão Frio, Favaios and Freixo de Espada à Cinta (henceforth, Freixo) (Figure 1 ). Despite regional heterogeneity, the most common vine training systems are Cordon Royat and Guyot, adapted to the relatively low vegetative vigour. Each new vineyard installation is planned with the assistance of winery technicians to fulfil DDR regulations. Regular bulletins are also provided to associates evaluating the risk of pests/diseases, as well as the proper amounts and types of pesticide treatments that are required at a given stage. Further assistance is provided for harvest planning.
Grape production data (kg of grapes delivered at the wineries by growers) were obtained from the three wineries for white and red grapes separately, from 2000 to 2014 ( Figure 2 ). These data correspond to several cultivars grown at each location (Fraga et al. 2016a ). The 15-year time series shows a decreasing trend in grape production in all wineries, with the exception of red grapes in Freixo, which undergoes an increasing trend (Figure 2) . Red grape production is higher than that of white grapes for the three wineries, particularly in the later years. Comparing data from the three wineries, it is clear that all production is positively correlated; however, Mesão Frio versus Favaios and Favaios versus Freixo show a stronger relationship (Table 1) . Mesão Frio versus Freixo production presents a lower correlation, which is reasonable because they are further apart spatially.
Although these data provide important information about regional grape production, they contain different linear trends and magnitudes (Figure 2a, b) . As such, prior to further statistical analysis/comparison, the existing linear trends were removed from the raw series. The detrended time series (Figure 2c, d) allow the analysis of the high versus low production years (inter-annual variability), not biased by linear trends. Additionally, in order to overcome the remaining heterogeneity in variance, we applied a percentile-ranked approach (Figure 3e ,f). The new transformed time series allows the examination of the year-to-year variability to be modelled.
Climate data
Weather data for the three regions were extracted from the E-OBS observational dataset v12 (Haylock et al. 2008) . Uninterrupted and homogeneous daily fields from 1 January 2000 to 30 June 2015 of minimum (Tmin) and maximum (Tmax) air temperature and daily precipitation totals (Prec) were extracted for the three locations. Furthermore, automated weather stations were introduced at each winery location from March 2015, allowing a validation of the E-OBS dataset at these locations. By comparing the daily weather data, the E-OBS data show good agreement with the automated weather station0073 data, but with a noticeable positive temperature bias: 0.92 ≤ r(Tmin) ≤ 0.98 (1.4 ≤ RMSE ≤ 2.4), 0.98 ≤ r(Tmax) ≤ 0.99 (0.7 ≤ RMSE ≤ 2.7) and 0.75 ≤ r(Prec) ≤ 0.82 (1.7 ≤ RMSE ≤ 3.7). Despite the temperature bias, the E-OBS provides an overall agreement with weather conditions inside each viticultural subregion. Other existing datasets, such as PT02, a gridded precipitation dataset produced by the Portuguese weather service, 
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Instituto Português did Mar e da Atmosfera (IPMA) (BeloPereira et al. 2011), do not provide daily data until 2014. Despite some already documented limitations (Hofstra et al. 2009 ), E-OBS provides realistic daily meteorological data over Portugal (Santos et al. 2016) . Only the full overlapping period between the existing weather data and grape production data will be used (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) . Mesão Frio is located in the western part of the DDR (Baixo Corgo subregion), showing an annual mean temperature of 12.8°C, annual precipitation total of 1067 mm and an annual accumulated potential evapotranspiration of 1003 mm [PET, calculated by the Penman-Monteith equation (Allen et al. 1998 )] (Figure 3a) . Favaios (central DDR, Cima Corgo subregion) has a higher annual mean temperature of 13.6°C, but a lower annual precipitation of 914 mm and a PET of 1072 mm (Figure 3b ). Freixo (eastern DDR, Douro Superior subregion) has an annual mean temperature close to that of Favaios (13.7°C), but has the lowest precipitation total of all regions (631 mm) and the highest PET (1093 mm) (Figure 3c ). In this region, PET is higher than precipitation from March to September, emphasising significant water stress during the grapevine growth cycle.
Determining favourable weather conditions
For the development of the PGP model, the evolution of the meteorological conditions throughout the grapevine growing season was taken into account. As thermal and hydric conditions are two main drivers of grapevine growth and development, they were selected herein (García de , Zapata et al. 2015 , Fraga et al. 2016b , Toth and Vegvari 2016 . Aiming at assessing the thermal conditions, three cumulative curves were computed (Equation 1): growing degree day (GDD) with base temperature (Tbase) of 10°C, GDD with Tbase of 0°C, and accumulated PET, all calculated for each year separately and from 1 January to 31 August. Growing degree day with Tbase of 0°C was ultimately selected, as it shows greater differentiation between high/low production years. In fact, GDD with Tbase = 0°C was previously considered to fit grapevine seasonal development better than other metrics (Parker et al. 2011) . For the hydric conditions, the accumulated daily precipitation (ADP) was selected (mm; Equation 2) from 1 January to 31 August (accumulated PET/Prec was also tested).
where Tmax and Tmin are near-surface daily maximum and minimum temperature (°C), respectively, Tbase is the base temperature (0°C) and Prec is the daily precipitation (mm). In order to differentiate favourable from unfavourable conditions for white and red grapevine production, we then averaged the corresponding curves of the above-mentioned metrics for the high (production above 75th percentile) versus low (production below 25th percentile) production years and for each winery separately (Figure 3e,f) .
Model development
The PGP model runs on a daily time step, by comparing the actual thermal/hydric conditions in a given year (henceforth, current year) against the average thermal/hydric conditions in high (>75th percentile) and low (<25th percentile) productions years. This comparison is based on the correlation coefficients between the current GDD/ADP curves and the corresponding curves for high and low production years (r 75 and r 25 , respectively). Subsequently, for the evaluation of the progression of a given year (closer to the best/worst production years), the ratio of these two correlations is calculated (r 75 /r 25 ). For each day, if the correlation between the actual curve of GDD/ADP and the corresponding 75th percentile curve was higher than the correlation with the 25th percentile curve (r 75 /r 25 > 1), a score of 1 was given to that day (favourable conditions). However, if the previous condition only applies to either GDD or ADP, a score of 0.5 was given to that day (intermediate conditions). If neither GDD nor ADP fulfils r 75 /r 25 > 1, a score of 0 was given (unfavourable conditions). Last, the daily model output is the sum of the sequential scores attributed to each day (0, 0.5 and 1), normalised by the number of days since 1 January.
The model outputs effectively account for the proportion of days with favourable meteorological conditions within a given period, which can then be compared against the percentileranked annual grape production. Hence, the model provides Difference (in°C day) between high and low production years is also shown ( ).
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Predicting winery grape production in the Douro 299 daily updated forecasts and can run over the whole growing season or over shorter periods, for example, until flowering. As the model assesses the progression of GDD and ADP conditions against historical conditions, it does not rely on regression equations or process-based simulations. Furthermore, no grapevine production data were used in its development, avoiding model overfitting issues.
Uncertainty in the model forecasts
As this is a forecast model for seasonal grape production, it is important to assess the uncertainty in the predictions. This uncertainty depends on the amount of days used for the model run, that is, model outputs at the beginning of the season are heavily dependent on the meteorological conditions of the upcoming days, whereas model outputs at end of the season are much more stable (less uncertain). As such, a normalised stability index (NSI) was developed to assess uncertainty. At a given day (i), NSI corresponds to the SD of the model outputs for all the following days (from i+1 to 31 August) and within the pool of all years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) and locations (Mesão Frio, Favaios and Freixo), normalised to the 0-1 range, where 0 indicates high uncertainty/instability and 1 means low uncertainty/instability. The NSI tends to gradually grow from 0 at the beginning of the season to 1 at the end of the season.
Results
High versus low production years
The high and low production years reveal a large agreement amongst the three wineries (Figure 3e,f) . For the three locations (for both white and red), years 2001 and 2006 were the highest production years. Conversely, years 2000 and 2002 were the lowest production years (with the exception for white grapes in Mesão Frio). Apart from these years, there are some differences in the annual production rankings amongst wineries. These differences may be attributed to regional specificities of each winemaking region, including different weather conditions. There are also differences between high and low years, depending on white or red cultivars. As the production has been normalised and detrended, factors such as vineyard area or cultivar changes over the years were largely discarded. Given the clear differences between high and low production years, the proposed modelling methodology is feasible.
Optimum meteorological conditions
The GDD and ADP curves for high and low production at the three locations are shown in Figures 4 and 5 , respectively. For GDD, there is a clear differentiation between high and low production years ( Figure 4) . In all wineries, for both white and red cultivars, the low production years depict higher temperature in the beginning of the growing season. An inversion of this tendency is clear at the end of May to the beginning of June, although it appears to occur latter for red cultivars (mid-June). Following this inversion, high production years show higher temperature than low production years until the end of the season. This result indicates that lower temperature in the first half of the growing season, followed by higher temperature at latter stages, is beneficial for production in the three wineries. A weaker distinction between these curves was found for red grapes in Freixo, at the first half of the season (Figure 4f ). For ADP (Figure 5 ), the distinction between high/low production years is even clearer, with high production years showing significantly higher precipitation amounts during the whole growing season. Furthermore, the precipitation difference is greatest from the beginning of March to mid-April, suggesting that high precipitation amounts close to budburst are favourable for high production.
Modelling annual progression
An example of the daily progression of the proportion of days with favourable meteorological conditions for grape production (in Favaios) is shown in Figure 6 . This figure shows the intraannual and inter-annual daily ranks, from 1 March to 31 August. It is clear that some years exhibit conditions that are far from optimal (e.g. 2000), whilst others exhibit clearly favourable (2006) or fluctuating conditions throughout the growing season (2009). This daily progression is directly comparable with the production series for that winery in terms of percentile ranks. In fact, the performance of the model can be evaluated on a daily basis (Figure 7 ), which indicates a high skill in modelling annual production using daily meteorological conditions. The model provides significantly high correlations with observed production (P < 0.001), except during the first weeks of the season, where modelling reveals a lower correlation. The root mean squared errors (RMSE) for the three wineries range from 25% (seasonal maxima) to 10% (seasonal minima).
Model output uncertainty
In the beginning of the season, the sample size (number of days used for model run) is quite low, resulting in low NSI values (Figure 7) . A sharp increase in these values is visible within the first few weeks of the season, indicating a rapid stabilisation of the model at this stage. As the season progresses, a higher stabilisation of the model is reached, with NSI = 0.5 (50% stabilisation) on 1 May and NSI = 0.7 on 10 June. Thus, the model is stable from 1 May onwards. When NSI values reach 1 (in the last day of the season), the model provides high correlations in all regions, for both white and red grape cultivars (Figure 8) . Favaios shows the highest correlation of the three regions (r = 0.83, for both white and red grapes), followed by Mesão Frio (white grapes r = 0.73, red grapes r = 0.75) and Freixo (white grapes r = 0.77, red grapes r = 0.68). The lower performance of the model for red grapes in Freixo can be partially explained by the relatively low difference in GDD for high and low production years ( Figure 4f ). Overall, the higher the departures between the two curves, the higher the model performance.
Discussion and conclusions
Grapevines are a weather/climate-sensitive crop, thus being widely influenced by meteorological conditions (Due et al. 1993 , Spellman 1999 , Lorenzo et al. 2008 , Cola et al. 2014 , Nesbitt et al. 2016 ). The present research examines the relationships between historic meteorological conditions and grape production for three wineries within the DDR. Site-specific linkages between favourable (unfavourable) weather conditions and high (low) grapevine production are established. As DDR is an important winemaking region and strongly contributes to the Portuguese economy (Instituto Nacional de 
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Predicting winery grape production in the DouroEstatística 2016), improving our understanding of these relationships helps to maintain the sustainability of the region and of its winemaking sector as a whole. The results show that wine production in the DDR is strongly linked to the meteorological conditions of the growing season, which largely determine annual yield. Higher (lower) production years tend to be linked to specific favourable (unfavourable) weather conditions during the growing season. Relatively cool pre-flowering temperature (until the end of May) and relatively warm conditions during berry development (after June) tend to favour wine production. Furthermore, higher production is typically found in years with higher than average rainfall level until flowering. These findings support the fact that anomalously dry years often lead to low grape production in Mediterranean environments (Moriondo et al. 2013, Toth and Vegvari 2016) .
The PGP model demonstrated that the proportion of days with favourable meteorological conditions (in the growing season) is highly correlated with the percentile-ranked grape production. After a 50% model stabilisation (NSI = 0.5 around 1 May), the correlation between PGP outputs and percentileranked production at the three wineries varies from 0.68 ≤ r ≤ 0.84 (Figure 7) . Although previous research empirically demonstrates the importance of temperature and precipitation on regional productivity (Gouveia et al. 2011 , the daily PGP model outputs provide further insights into the role of these climatic factors. Additionally, these results are in agreement with previous studies using regression models for grape/wine production, for example, based on monthly temperature and precipitation (Gouveia et al. 2011 ).
The PGP model offers advantages over both regressionbased/empiric-statistic (Jones and Davis 2000 , Nemani et al. 2001 , Quiroga and Iglesias 2009 , Fraga et al. 2014b ) and process-based/dynamic crop models (Brisson et al. 2003 , Valdes-Gomez et al. 2009 , Coucheney et al. 2015 , Fraga et al. 2015 . Despite its statistical nature, PGP is neither based on regression equations nor uses grape production data as a dependent variable. Furthermore, given the relatively simple data requirements for model run, its application is much more straightforward than process-based models, which require significant amounts of data for validation/calibration (Gommes 1998 , Moriondo et al. 2015 . In addition, PGP incorporates daily meteorological data, constantly being updated with the most recent available data, to obtain crop production forecasts, which is a breakthrough for accurate vintage prediction (Tate 2002, Stone and Meinke 2005) .
Despite the aforementioned advantages of the PGP model, some shortcomings can be found. The effect of the conditions of previous years on current-year yields, which has been demonstrated for this region (Cunha and Richter 2016) , is not taken into account in the present model. Furthermore, important meteorological threats to grape production are not taken into consideration in the model, such as hail, intense precipitation events, wind gusts and frosts. Their incorporation would require sub-daily data (e.g. hourly), which is out of the scope of the present study. In addition, weather also determines the risk of occurrence of pests and diseases (e.g. downy mildew), having a direct impact on crop yield. As such, the successful application of the PGP model is limited to the suitable and timely application of phytosanitary treatments.
Decision makers from the DDR may take advantage of the information provided by the PGP model. Daily updated knowledge of potential grape production enables wineries to timely plan and optimise harvest and postharvest procedures (Cunha et al. 2010 , Fernandez-Gonzalez et al. 2011 , ensuring that harvest volumes meet market demands. These procedures range from managing practices at vineyard level to planning resources for harvest and wine processing. Furthermore, the model provides useful information regarding potential yield anomalies, which can be anticipated and mitigated (Porter and Semenov 2005 , Sadras et al. 2009 , Chaves et al. 2010 , Pavlousek 2011 . As wineries work in close cooperation with their associates, these strategies can be effectively and timely applied. Therefore, our model may be regarded as a useful tool to implement cost-effective winery management. It indeed represents an innovative decision support system for regional wineries, thus bringing added value to stakeholders and decision makers of the Portuguese winemaking sector.
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